A numerical simulation model is presented for the analysis of a reinforced concrete beam under monotonic loading based on the finite element method. The present method has an advantage of taking into account the influence of diagonal cracks in addition to flexural cracks in concrete . After having a diagonal crack. the interval corresponding to the diagonal crack with the shear deformation mode is modeled by shear type elements. The stress transfer to the shear reinforcement from the concrete is expressed by this method. The applicability of the present model to a beam with shear reinforcement is discussed. The analytical result with the present model is compared with the test data as well as the design code.
used in the finite element method in the initial state of the loading on the reinforced concrete beam. Using these flexural type beam elements, the prediction of crack pattern is possible up to a certain level of loading. After the formation of diagonal cracks in the beam, flexural type elements are no longer able to give the correct deformation. Therefore, it is necessary to consider the region with the most severe shear cracks so as to deal with them properly. In the structural analysis of a reinforced concrete beam, this kind of prediction of crack pattern and the failure mode is important and useful in the design consideration which usually rely on semi-empirical judgement. When actual structures fail at the ultimate state, the ductile failure mode is desirable because it gives a warning before the final catastrophic failure. From the present model, the crack pattern of the structure, the region of the predominant diagonal crack can be detected. Then, the region where the significant stress transfer occurs from concrete to stirrups can also be identified. When insufficient stirrups present in the region of the predominant diagonal crack, shear failure may occur without a warning.
The present model has an advantage of simulating the whole range of deformation up to the failure state over a model which is suitable for the ultimate limit state such as the strut-tie model.
Furthermore, it has merits such as simplicity in modeling and computational efficiency over FEM with plane elements in particular in the case of cyclic loading. Fig.1 Shear resisting mechanism in RC beam Fig.1 shows the shear resistance mechanism of a reinforced concrete beam with shear reinforcement after the formation of diagonal cracks in the beam.
In Fig.1 , C is the compressive force of concrete, Vcz is the shear force of concrete by uncracked concrete, Va, is shear force by aggregate interlock, T and Vd are the forces due to the longitudinal reinforcement and Vs is the shear force carried by the shear reinforcement.
In a concrete beam reinforced with stirrups, the resistance to the total shear force V is divided into the shear force by concrete Vc and the shear force by stirrup Vs. Initially upon loading, the shear reinforcements carry only a small portion of the shear force. The concrete carries the rest of the shear stress. Upon the formation of the first predominant diagonal crack, redistribution of shear stress occurs with some part of the shear being carried by concrete, and the rest being carried by the stirrups. This kind of phenomena has been observed from experimental results1). The shear load that caused diagonal or inclined cracking Vs is considered to be the ultimate capacity of concrete to resist shear6). The total shear resisting capacity by the concrete and the stirrups of the beam remains constant once the stirrups have yielded.
The shear resistance by concrete is considered to be influenced by various shear mechanisms. The joint ACI-ASCE committee 426 lists three separate shear mechanisms for concrete contribution to shear resistance. They are summarized as follows. An experimental work5) has been conducted for the crack pattern of RC beams under two-point loading with various shear span to effective depth ratios. Typical crack patterns are illustrated in Fig.2 .
Flexural stresses and shear stresses are combined to create biaxial state of stresses. When the principal tensile stress exceeds the tensile strength of concrete, a crack forms perpendicularly to the direction of the principal tensile stress. In a region of large bending moment, these stresses are greatest at the extreme tensile fiber of the member and cause flexural cracks perpendicular to the axis of the member. These flexural cracks can be seen from the crack pattern at the bottom of the beam in Fig.2 (a, b). In the region of high shear stresses near the mid height of the rectangular beam, significant principal tensile stresses occur at an angle to the axis of the member. This may result in a diagonal tension crack. (1) (2) wherei l=xL, and L is the length of element . Following the conventional beam theory , the displacement U(x, y) across the cross section at an arbitrary point is given in Eq. (3). Then, the stressdisplacement relationship for the normal stress is given by Eq. (4). Integrating the equilibrium equation in x direction , Eq. (5), with respect to s, the following expression for q is obtained as shown in Eq. (6) (5) (6) For a rectangular cross section, the value of shear flow at the edge is zero. Using the normal stress from Eq. (4), Eq. (6) can be written for the shear stress after dividing the shear flow by the thickness of the beam cross section as follows. (7) where With the above experimental observation, assumptions and rules, the predominant diagonal crack in Fig. 5 (dotted line AB) is determined in the present model as follows. In Fig. 5, d is the effective depth, a is the shear span, d, is the height of the diagonal crack. When the first diagonal crack crosses the centroidal axis of the cross section for one element in the beam, the crack pattern is checked for other adjacent elements whether there is additional cracks in adjacent elements. Flexural crack of the first element near to the support and the first diagonal crack which crosses the centroidal axis of the RC beam is connected in which this dotted line AB is as shown in Fig. 5 
where I= x/L. Using the displacement field along the centroidal axes of the element given in Eq. (1), Eq. (9) and Eq. (10), the displacement at any point across the cross section is given by Eq. (11) . Then, the straindisplacement relation obtained from Eq. (11) (13) where Esr is the Young's modulus of shear reinforcement, Ec is the tangent modulus of concrete and E*sr is the tangent modulus of shear reinforcement to be included in the shear stiffness of shear type elements.
The contribution of shear stiffness by the shear reinforcement obtained from Eq. (13) is reflected in Eq. (14) To calculate the stress on the shear reinforcement after the formation of a predominant diagonal crack. the following method is used. The shear force Fv carried by the concrete is calculated using the shear stiffness 10) as follows.
(15) (16) where GA/L is the shear stiffness in the vertical direction, G is the tangent shear modulus of concrete calculated from Eq. (16), Ec is the tangent modulus of concrete, Go, Eco, are the initial values, S is the stirrup spacing, As is the area of single shear reinforcement, and ksr is the vertical shear stiffness added in the stiffness matrix of the shear type beam element. After calculating the shear resistance by Eq. (15) for the element, the shear resistance by the shear reinforcement is obtained as the difference between the shear resistance in Eq. (15) and the external applied shear force.
It is assumed that the shear resistance by the concrete remains constant after the diagonal crack crosses the centroid of the cross section unless there is a sudden failure in the concrete. Incremental external shear is assumed to be taken by the shear reinforcement. 
Analysis procedure
The present computational procedure is to be applied for simply supported reinforced concrete beams using the finite element method. The analysis procedure can be described as follows. 2) After calculating the normal strain of the section, the normal stress for concrete is obtained using the stress-strain curve of concrete11) with the modified Park mode]12) (see Fig.9 (a)) which is applicable to high strength concrete as well up to 100 MPa and the normal stress for steel is obtained with the GMP model13) (see Fig.9 (b) ). Using the tangent stiffness calculated from the material law in Fig.9 (a) , the concrete shear stress is obtained from Eq. (7).
3) The principal tensile stresses and the angle of the principal direction are calculated. When the principal tensile stress of concrete exceeds the tensile strength, the crack is assumed to occur. 4) When the first diagonal crack crosses the centroid, it is checked for the possibility of shear deformation.
Once it is determined that there is a predominant diagonal crack, the region ls shown in 
Numerical results
A simply supported reinforced concrete beam under two-point loading with the shear span to effective depth ratio of 2 is analyzed using the present model (see Fig.8 ). Table 1 shows the material properties used in the analysis. The tensile strength of concrete is assumed as To compare the value of shear capacity and deflection profiles for two-point loading and one-point loading, this analysis is carried out. Concrete shear capacity of 1.5 MPa and the total shear load of about 40 kN are obtained with the similar crack pattern in the shear span as shown in Fig. 10 . These values are about the same (within 2% error) as those of two-point loading case of Fig.11 . Using the shear type elements the deflected shape of one-point loading is obtained as linear in the mid-span region. In order to see the effect of the shear type elements used in the region of the predominant diagonal crack on the shear stiffness, the shear stiffness-load curve for the 4th element in Fig. 10 is plotted in Fig. 13 . 
. Conclusions
The numerical simulation model presented in this paper is capable of predicting the crack pattern, shear deformation, failure mode and stress on shear reinforcement.
From the numerical simulation, the following conclusions are obtained.
1) The present model is capable of predicting the predominant diagonal crack in a reinforced concrete beam.
2) The use of shear type elements with flexural type elements is effective to model the beam to take into account the shear deformation.
3) The ultimate shear capacity carried by the concrete and the stress carried by the stirrup can be simulated and compared with design code.
